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Quantum superpositions of distinct coherent states in a single-mode harmonic oscillator, known
as “cat states”, have been an elegant demonstration of Schro¨dinger’s famous cat paradox. Here,
we realize a two-mode cat state of electromagnetic fields in two microwave cavities bridged by a
superconducting artificial atom, which can also be viewed as an entangled pair of single-cavity
cat states. We present full quantum state tomography of this complex cat state over a Hilbert
space exceeding 100 dimensions via quantum non-demolition measurements of the joint photon
number parity. The ability to manipulate such multi-cavity quantum states paves the way for
logical operations between redundantly encoded qubits for fault-tolerant quantum computation and
communication.
Rapid progress in controlling individual quantum sys-
tems over the past twenty years1,2 has opened a wide range
of possibilities of quantum information processing. Poten-
tial applications ranging from universal quantum compu-
tation to long-distance quantum communication share the
central theme of exploiting quantum superpositions within
a large Hilbert space. Further stimulated by curiosity about
the quantum-classical boundary, there has been growing
interest in generating superpositions of “macroscopically-
distinguishable” states that are far apart in phase space.
The canonical example is superpositions of coherent states
of a harmonic oscillator, i.e. N (|α〉+|−α〉) with N ≈ 1/√2
at large |α|, known as “cat states”. The two components
correspond to distinct quasi-classical wave-packets, in anal-
ogy to Schro¨dinger’s gedankenexperiment of an unfortunate
cat inside a closed box being simultaneously dead and alive.
Cat states have so far been realized with single-mode opti-
cal3 or microwave fields1,4 with up to about 100 photons5,
but are increasingly susceptible to decoherence at large size.
Manipulating a large number of excitations in such har-
monic oscillator states is one of two possible approaches to
expand the information capacity of fully-controlled quan-
tum systems. Cat states, which span a Hilbert space whose
dimension grows linearly with the number of photons, are
an attractive approach for redundantly encoding quantum
information for error correction6–8. The other more tradi-
tional way to scale up a quantum system is to build many
modes of excitations, each operated as a two-level qubit, so
that the Hilbert space dimension increases exponentially
with the number of modes9,10. Is it possible to combine
the benefits of both approaches by creating a cat state that
lives in more than a single mode or box? The idea of non-
local or multi-mode cat dates back to the early days of cav-
ity quantum electrodynamics (QED)11, but experimental
demonstration has remained a formidable challenge.
Here, we deterministically create a two-mode cat state
of microwave fields in two superconducting cavities, using
the strong dispersive interaction with a Josephson-junction-
based artificial atom. This state can be expressed as:
|ψ±〉 = N
(|α〉A|α〉B ± | − α〉A| − α〉B) (1)
where | ± α〉A and | ± α〉B are coherent states of two mi-
crowave eigenmodes (Alice and Bob) at different frequen-
cies, whose amplitudes are prepared equal for simplicity.
Each of the two modes are predominantly localized in one
of the two cavities that are weakly connected. Despite
a nonzero (but small) spatial overlap of the two modes,
we will refer for convenience to the state of each mode as
the state of each cavity. Quantum superpositions of the
form |ψ±〉 have been previously realized in the optical do-
main12 but were limited to small and non-orthogonal co-
herent states (|α|2 = 0.65). For larger |α| (i.e. |α|2 & 2),
|ψ±〉 can be considered a single cat state living in two boxes
whose superposed components are coherent states in a hy-
bridized mode involving both Alice and Bob. Alternatively,
in the more natural eigenmode basis, |ψ±〉 has been known
as the entangled coherent states in theoretical studies13,
and may also be understood as two single-cavity cat states
that are entangled with each other.
The two-mode cat state is an eigenstate of the joint pho-
ton number parity operator PJ :
PJ = PAPB = e
ipia†aeipib
†b (2)
where a(a†) and b(b†) are the annihilation (creation) oper-
ators of photons in Alice and Bob, and PA and PB are the
photon number parity operators in individual cavities. Re-
markably, |ψ+〉 (or |ψ−〉) has definitively an even (or odd)
number of photons in the two cavities combined, while the
photon number parity in each cavity separately is maxi-
mally uncertain. Quantum non-demolition measurements
of such parity operators not only illustrate the highly non-
classical properties of the state, but also are instrumental
for quantum error correction in general.
We realize measurements of the joint photon number par-
ity and single-mode parities using the dispersive interaction
with three energy levels of an artificial atom. Based on joint
parity measurements, we further demonstrate full quantum
state tomography of the two-cavity system14. This is ob-
tained in the form of the joint Wigner function WJ(βA, βB),
which is a continuous-variable representation of the quan-
tum state with βA and βB being complex variables in Alice
and Bob respectively. Without correcting for the infidelity
of the joint parity measurement operator, we observe quan-
tum state fidelity of 81% for a two-mode cat state with
α = 1.92. The high-quality and high-dimensional quantum
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2FIG. 1. Sketch (not to scale) of device ar-
chitecture and experimental protocol. (A)
A three dimensional schematic of the device con-
sisting of two coaxial cavities (Alice and Bob), a
Y-shaped transmon with a single Josephson junc-
tion (marked by “×”), and a stripline readout res-
onator. All components are housed inside a single
piece of bulk high-purity aluminum, with artifi-
cial windows drawn for illustration purposes. (B)
A top view of the same device, showing the rela-
tive position of the sapphire chip, center posts of
the coaxial cavities, transmon antenna, and the
readout resonator. (C) The microwave control
sequences for generating the two-mode cat state
and performing Wigner tomography. Dβ repre-
sents cavity displacement by β, and a superscript
g is added if the displacement is conditional on
the ancilla being in |g〉. Rgeθ or Refθ represents
ancilla rotation by angle θ (around an axis in the
X-Y plane) in the |g〉-|e〉 Bloch sphere or |e〉-|f〉
Bloch sphere. R00pi is an ancilla |g〉-|e〉 rotation
conditional on the cavities being in |0〉A|0〉B . Cφ
represents cavity phase shift of φ conditional on
the ancilla being in an excited state. By choos-
ing φi + φ
′
i = pi or 2pi, we can measure photon
number parity of Alice (PA), Bob (PB), or the
two combined (PJ), to perform Wigner tomog-
raphy of individual cavities or the joint Wigner
tomography.
control is further manifested by the presence of entangle-
ment exceeding classical bounds in a CHSH-style inequality
for two continuous-variable systems14. Finally, our two-
cavity space effectively encodes two coupled logical qubits
in the coherent state basis, and we present efficient two-
qubit tomography in this encoded space.
Our experimental setup uses a three-dimensional (3D)
circuit QED architecture15, where two high-Q 3D cavities
and a quasi-planar readout resonator simultaneously couple
to a fixed-frequency transmon-type superconducting qubit
(Fig. 1A,B)16. The two cavities that host the cat state of
microwave photons are implementations of the longest-lived
quantum memory in circuit QED to date17. The transmon,
while usually considered a qubit, behaves as an artificial
atom with multiple energy levels. We use the transmon as
an ancilla to manipulate the multi-photon states in the two
cavities, and its lowest three levels, |g〉, |e〉 and |f〉, are ac-
cessed in this experiment. The device is cooled down to 20
mK in a dilution refrigerator, and microwave transmission
through the readout resonator is used to projectively mea-
sure the ancilla state with a heterodyne detection at room
temperature after multiple stages of amplification.
We consider the Hamiltonian of the system including two
harmonic cavity modes, a three-level atom, and their dis-
persive interaction (with parameters listed in Table I):
H/~ =ωAa†a+ ωBb†b+ ωge|e〉〈e|+ (ωge + ωef )|f〉〈f |
− χgeA a†a|e〉〈e| − (χgeA + χefA )a†a|f〉〈f |
− χgeB b†b|e〉〈e| − (χgeB + χefB )b†b|f〉〈f | (3)
where ωA and ωB are the angular frequencies of the two
cavities (Alice and Bob), ωge and ωef are the |e〉 → |g〉 and
|f〉 → |e〉 transition frequencies of the ancilla, χgei and χefi
(i = A or B) represent the dispersive frequency shifts of
cavity i associated with the two ancilla transitions. The
readout resonator and small high-order nonlinearities are
neglected for simplicity. Using time-dependent external
classical drives in the form of microwave pulses, we can per-
form arbitrary ancilla rotations in both |g〉-|e〉 and |e〉-|f〉
manifolds, and arbitrary cavity state displacements in Alice
(DβA = e
βAa
†−β∗Aa) and Bob (DβB = e
βBb
†−β∗Bb) indepen-
dently. More importantly, the state-dependent frequency
shifts (χ’s) allow cavity state manipulations conditioned
on the ancilla level or vice versa using spectrally-selective
control pulses, thus realizing atom-photon quantum logic
gates5. It can be further shown that with separate drives on
the two cavities and a drive on the ancilla, this Hamiltonian
ω/2pi T1 T
∗
2
Cavities: Alice 4.2196612 GHz 2.2-3.3 ms 0.8-1.1 ms
Bob 5.4467679 GHz 1.2-1.7 ms 0.6-0.8 ms
Transmon: |e〉 → |g〉 4.87805 GHz 65-75 µs 30-45 µs
(Ancilla) |f〉 → |e〉 4.76288 GHz 28-32 µs 12-24 µs
χ/2pi Alice Bob
χge 0.71 MHz 1.41 MHz
χef 1.54 MHz 0.93 MHz
TABLE I. Hamiltonian parameters and coherence times of the
two storage cavities and the transmon ancilla, including tran-
sition frequencies (ω/2pi), dispersive shifts between each cavity
and each transmon transition (χ), energy relaxation time (T1),
and Ramsey decoherence time (T ∗2 ). The cavity frequencies are
given with a precision of ±100 Hz and are stable over the course
of several months.
3FIG. 2. Wigner tomography of individual cavities.
Measured single-cavity scaled Wigner function of (A) Alice
(pi
2
WA(βA)) and (B) Bob (
pi
2
WB(βB)) respectively for the two-
mode cats state |ψ−〉, each plotted in the complex plane of
Re(βi) and Im(βi) (i=A or B). For either cavity, no interference
fringes are observed in its Wigner function, indicating a statisti-
cal mixture of two coherent states, as opposed to a single-cavity
cat state, after tracing out the quantum state of the other cav-
ity. The distortion of the coherent states is due to higher order
Hamiltonian terms (see supplementary). The photon number
parity within each cavity is close to 0, reflected by the value of
respective Wigner functions near the origin.
permits universal quantum control of the entire system18.
We generate the two-mode cat state |ψ±〉 deterministi-
cally using a series of logic gates as shown in Fig. 1C19.
In particular, we implement effective displacements (Dg2α)
of both Alice and Bob conditional on ancilla being in
|g〉16, which realizes a three-way entangling gate, 1√
2
(|g〉+
|e〉)|0〉A|0〉B → N (|g〉|0〉A|0〉B + |e〉|2α〉A|2α〉B). Then
an ancilla rotation (R00pi ) conditional on the cavity state
|0〉A|0〉B disentangles the ancilla, and subsequent cavity
displacements leave the cavities in a two-mode cat state.
The rotation axis controls the sign (or more generally, phase
angle) of the cat state superposition.
We probe the cat state by quantum non-demolition
(QND) measurements of the photon number parity. Parity
measurement of a single cavity using a dispersively coupled
ancilla qubit has been previously demonstrated20,21, where
a conditional cavity phase shift4, Cφ = I⊗ |g〉〈g|+ eiφa†a⊗
|e〉〈e|, of φ = pi allows the cavity states with even or odd
photon numbers to be mapped to |g〉 or |e〉 of the qubit
for subsequent readout. In our multi-cavity architecture,
measuring the joint photon number parity requires Cpi in
both Alice and Bob, which is difficult to achieve simulta-
neously with existing techniques21 unless χgeA = χ
ge
B . We
overcome this challenge by exploiting the |f〉-level of the
transmon. By designing the frequency of the ancilla to
be between those of the two cavities, the |e〉 → |g〉 tran-
sition shows stronger interaction with Bob (χgeB > χ
ge
A ),
while the |f〉 → |e〉 transition shows stronger interaction
with Alice (χefA > χ
ef
B ). Manipulating the ancilla in differ-
ent superposition states among the three levels allows us
to concatenate conditional phase gates associated with χgei
and χefi with arbitrary weights
16. This additional degree
of freedom not only allows for joint parity measurement
PJ (applying Cpi to both cavities), but also enables parity
measurement of each cavity PA or PB individually without
affecting the other (applying Cpi and C2pi to the two cavities
respectively).
Based on single-cavity parity measurements, we can mea-
sure the Wigner function of individual cavities, Wi(βi) =
2
piTr
[
ρDβiPiD
†
βi
]
(i=A or B)20,22. The Wigner function is
a standard method to fully determine the quantum state of
a single-continuous-variable system, which represents the
quasi-probability distribution of photons in the quadra-
ture space (Re(β)-Im(β)). Our measured WA and WB for
a two-mode cat state |ψ−〉 with α = 1.92 (Fig. 2) illus-
trates that the quantum state of either Alice or Bob on
its own is a statistical mixture of two clearly-separated co-
herent states with no coherence between them. In other
words, each cavity does not contain a regular (single-mode)
cat state, which would contain characteristic interference
fringes in the Wigner function5,22 (and can also be straight-
forwardly generated in our experiment16). However, for a
state involving inter-cavity entanglement like |ψ−〉, single-
cavity Wigner functions are insufficient for characterizing
the global quantum state. Such entanglement can be in-
ferred from measurement of the joint photon number par-
ity, 〈PJ〉 = −0.81 ± 0.01, even though each cavity alone
shows mean photon number parity of 〈PA〉 ≈ 〈PB〉 ≈ 0.
Additional evidence of the joint parity can be seen in a
spectroscopy measurement16.
A full quantum state tomography of the two-cavity sys-
tem can be realized by measuring the joint Wigner func-
tion23:
WJ(βA, βB) =
4
pi2
〈PJ(βA, βB)〉
=
4
pi2
Tr
[
ρDβADβBPJD
†
βB
D†βA
]
(4)
WJ is a function in the four-dimensional (4D) phase space,
whose value at each point (Re(βA), Im(βA), Re(βB),
Im(βB)), after rescaling by pi
2/4, is equal to the expec-
tation value of the joint parity after independent displace-
ments in Alice and Bob14. For simplicity, we will therefore
use the scaled joint Wigner function, or “displaced joint
parity” 〈PJ(βA, βB)〉 to represent the cavity state. 〈PJ〉 at
any given point (βA, βB) is directly measured by averaging
single-shot readout outcomes and takes values between -1
and +1. To illustrate the core features in this 4D Wigner
function of the state |ψ−〉, we show its two-dimensional
(2D) cuts along the Re(βA)-Re(βB) plane and Im(βA)-
Im(βB) plane for both the calculated ideal state (Fig. 3A,
B, also see Ref. 14) and the measured data (Fig. 3C, D).
The Wigner function contains two positively-valued Gaus-
sian hyperspheres representing the probability distribution
of the two coherent-state components, and an interference
structure around the origin with strong negativity. Excel-
lent agreement is achieved between measurement and the-
4FIG. 3. Joint Wigner tomography.
(A, B) Two-dimensional plane-cut along
(A) axes Re(βA)-Re(βB) and (B) axes
Im(βA)-Im(βB) of the calculated 4D scaled
joint Wigner function 〈PJ(βA, βB)〉 of the
ideal odd-parity two-mode cat state |ψ−〉
with α = 1.92. The red features in
(A) represent the probability distribu-
tion of the two coherent states compo-
nents. The central blue feature in (A)
and fringes in (B) demonstrate quantum
interference between the two components.
(C, D) The corresponding Re(βA)-Re(βB)
and Im(βA)-Im(βB) plane-cuts of the mea-
sured joint Wigner function of |ψ−〉, to
be compared with the ideal results in (A)
and (B) respectively. Data are taken in a
81×81 grid, where every point represents
an average of about 2000 binary joint par-
ity measurements. (E) Diagonal line-cuts
of the data shown in (A) and (C), cor-
responding to 1D plots of the calculated
(black) and measured (red) scaled joint
Wigner function along Re(βA) = Re(βB)
with Im(βA) = Im(βB) = 0. (F) Diagonal
line-cuts of the data shown in (B) and (D),
corresponding to 1D plots of the calculated
(black) and measured (red) scaled joint
Wigner function along Im(βA) = Im(βB)
with Re(βA) = Re(βB) = 0.
ory, with the raw data showing an overall 81% contrast of
the ideal Wigner function. Comprehensive measurements
of 〈PJ〉 in the entire 4D parameter space further allow us to
reconstruct the density matrix of the quantum state, which
shows a total fidelity of also about 81% against the ideal
|ψ−〉 state. The actual state fidelity may be significantly
higher if various errors associated with tomography are re-
moved16. Additional visualization of the Wigner function
data is presented in a Supplementary movie16.
Analyzed within the energy eigen-mode basis (Alice and
Bob), the two-mode cat state is a manifestation of quantum
entanglement between two quasi-classical systems. The
entanglement can be tested against a CHSH-style Bell’s
inequality constructed from displaced joint parity at 4
points in the phase space14. We measure a Bell signal16
of 2.17± 0.01 for the state in Fig. 3, exceeding the classical
bound of 2. Without complete spatial separation and fully
independent readout of the two modes, the violation should
be considered a demonstration of the fidelity of the entan-
glement and the measurement rather than a true test of
non-locality. Nevertheless, various schemes exist to further
separate the two modes such as converting the cavity fields
into itinerant microwave signals and/or optical photons24.
Compared with other reported quantum states of two
harmonic oscillators, a striking property of the two-mode
cat state is that its underlying compositions are highly-
distinguishable. Two-mode squeezed states25–28 have
shown strong entanglement, but are Gaussian states with-
out the Wigner negativity and the phase space separation
as in a cat state. The “N00N” state, an entangled state
in the discrete Fock state basis, typically requires quantum
operations of N photons one by one and so far has been
realized with up to 5 photons29,30. The two components
of the cat state in Fig. 3 have a phase space separation of
|α− (−α)| = √15 in each cavity, giving an action distance
of
√
30 in the 4D phase space, or a cat size22 of 30 photons.
Our technique in principle allows generation of two-mode
cat states with arbitrary size using the same operation. So
far we have measured cat sizes of up to 80 photons16, and
more macroscopic states can be achieved by implement-
ing numerically optimized control pulses31 and engineering
more favorable Hamiltonian parameters.
Compared with single-cavity quantum states, the addi-
tion of the second cavity mode increases the quantum in-
5FIG. 4. Encoded two-qubit tomogra-
phy. (A) Red bars show tomography of
two logical qubits encoded in the coherent
state basis of two cavities, with the pre-
pared state being an even-parity two-mode
cat state, |ψ+〉 with α = 1.92. Gray bars
represent the ideal state. Insets show the
Re(βA)-Re(βB) and Im(βA)-Im(βB) plane-
cuts of the measured scaled joint Wigner
function of the same state. The measured
identity operator differs from 1 as a re-
sult of the parity measurement infidelity
and leakage out of the code space. (B)
Encoded two-qubit tomography of an ap-
proximate product state of single-cavity
cat states, N ′(|α〉 − | − α〉)
A
⊗ (|α〉 − | −
α〉)
B
also with α = 1.92. Insets show
plane-cuts of the measured scaled joint
Wigner function of the same state. Given
familiarity with single-cavity cat states,
these Wigner function patterns can be un-
derstood by considering WJ(βA, βB) =
WA(βA)WB(βB) for separable states. For
example, the “checkerboard” patterns in
the Im(βA)-Im(βB) plane-cuts can be un-
derstood by multiplying orthogonal fringes
from the two independent cat states.
formation capacity significantly. Despite the modest mean
photon numbers, a full tomography of the two-mode cat
state (partly shown in Fig. 3) requires a Hilbert space of
at least 100 dimensions to be described (capturing 99%
of the population), comparable to a 6 or 7 qubit GHZ
state. Our conservatively estimated quantum state fidelity
is comparable to that reported for an 8-qubit GHZ state in
trapped ions9 and the largest GHZ state in superconduct-
ing circuits10 (5 qubits). In addition, a great advantage of
continuous-variable quantum control is illustrated by our
hardware-efficient quantum state tomography protocol that
covers an enormous Hilbert space by simply varying two
complex variables of cavity displacements.
An important motivation for creating multi-cavity cat
states is to implement a promising paradigm towards fault-
tolerant quantum computation7,32, where information is re-
dundantly encoded in the coherent state basis5. This ap-
proach has recently led to the first realization of quantum
error correction of a logical qubit achieving the break-even
point8. In this context, our experiment realizes an architec-
ture of two coupled logical qubits. The two-mode cat state
can be considered a two-qubit Bell state 1√
2
(|0〉|0〉±|1〉|1〉),
where the quasi-orthogonal coherent states | ± α〉 in each
of the two cavities represent |0〉 and |1〉 of a logical qubit.
For any two-qubit logical state encoded in this subspace,
we can perform efficient tomography without extensive
measurement of the joint Wigner function. This is carried
out by measuring 〈PJ〉 at 16 selected points of the phase
space (βA, βB)
16. The encoded two-qubit tomography of a
state |ψ+〉 with α = 1.92 is shown in Fig. 4A, providing a di-
rect fidelity estimation33 of 14
(〈II〉+〈XX〉−〈Y Y 〉+〈ZZ〉)
= 78% against the ideal Bell state, surpassing the 50%
bound for classical correlation. As a comparison, Fig. 4B
illustrates a product state of single-mode cat states in Al-
ice and Bob, which is identified as | −X〉A| −X〉B in the
logical space. For both states illustrated here, the two-
qubit tomography suggests that errors within the encoded
space are quite small. The reduced contrast compared to
the ideal state is mostly due to infidelity of the joint par-
ity measurement and leakage out of the code space (due to
higher-order Hamiltonian terms).
In this Report, we have demonstrated a Schro¨dinger’s cat
that lives in two cavities. This two-mode cat state is not
only a beautiful manifestation of mesoscopic superposition
and entanglement constructed from quasi-classical states13,
but also a highly-desirable resource for quantum metrol-
ogy34, quantum networks and teleportation35. Moreover,
the demonstration of high-fidelity quantum control over
the large two-cavity Hilbert space has important implica-
tions for continuous-variable-based quantum computation.
The measurement of the joint photon number parity real-
ized here is QND by design, and will play a central role
in quantum error correction6,8,18 and facilitating concur-
rent remote entanglement36 in a modular architecture of
quantum computation.
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MATERIALS AND METHODS
A. Device Architecture
Our cQED system includes two 3D cavities, a quasi-
planar linear resonator, and a Y-shaped transmon. A single
block of high-purity (5N5) aluminum is machined to form
a 3D structure that contains both superconducting cavity
resonators and also functions as a package for the sapphire
chip with deposited Josephson junction. Each of the two
cavities can be considered a 3D version of a λ/4 transmis-
sion line resonator between a center stub 3.2 mm in di-
ameter and a cylindrical wall (outer conductor) 9.5 mm in
diameter1. The heights of the stubs control the resonance
frequency, and are about 12.2 mm and 16.3 mm respectively
for Alice and Bob. A tunnel (with a maximum width of 5.8
mm and a maximum height of 3.9 mm) is opened from the
outside towards the middle wall between the two cavities,
creating a three way joint between the tunnel and the two
cavities (see photo image, Fig. S1). The whole package is
chemically etched by about 80 µm after machining to im-
prove the surface quality of the cavity resonators2.
The superconducting transmon is on a 5.5 mm × 27.5
mm chip, which is diced from a 430 µm-thick c-plane sap-
phire wafer after fabrication. The fabrication process uses
electron-beam lithography and the standard shadow-mask
evaporation of Al/AlOx/Al Josephson junction. The sap-
phire chip is inserted into the tunnel, with the antenna pads
of the transmon slightly intruding into the coaxial cavities
to provide mode coupling. The chip is mechanically held at
one end with an aluminum clamping structure and indium
seal3.
During the transmon fabrication process, a 100 µm×9.8
mm strip of aluminum film is also deposited on the sapphire
chip. This metal strip and the wall of the tunnel form a
planar-3D hybrid λ/2 stripline resonator. This resonator
design has the advantages of both lithographic dimensional
control and low surface/radiation loss, and is systematically
studied in Ref. 3. Here it is capacitively coupled to the
transmon, and strongly coupled to a 50 Ω transmission line
for readout.
B. Sytem Hamiltonian Model
The cQED system has four bosonic modes involved in
this experiment: the two 3D cavities, the readout resonator
and the transmon ancilla. The transmon can be under-
stood as an LC oscillator with much larger anharmonic-
FIG. S1. Overview of the 3D cQED device. (A) A pho-
tograph of the full assembly of the device used for this study.
The machined aluminum package contains two coaxial stub cav-
ity resonators. A sapphire chip hosting the transmon ancilla,
clamped by an aluminum chip-holder, is inserted through a tun-
nel to be coupled to the two cavities from the side. The sapphire
chip contains an extra strip of aluminum, forming a stripline
resonator with the tunnel wall. (B) A micrograph image of the
Y-shaped transmon. (C) A schematic effective circuit of the
cQED system containing three LC oscillators and one anhar-
monic oscillator (artificial atom) coupled together.
ity compared with the other modes, and is treated explic-
itly as a three-level artificial atom. Following Black-box
quantization of superconducting circuits4, the other cav-
ity/resonator modes are modeled as near-harmonic oscilla-
tors with weak nonlinearity inherited from coupling to the
Josephson junction.
The full system Hamiltonian can then be written in the
following form up to the fourth order in the coupling of the
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2resonators to the transmon:
H/~ = ωA(a†a+
1
2
) + ωB(b
†b+ +
1
2
) + ωR(r
†r +
1
2
)
+ ωge|e〉〈e|+ (ωge + ωef )|f〉〈f |
− χgeA a†a|e〉〈e| − (χgeA + χefA )a†a|f〉〈f |
− χgeB b†b|e〉〈e| − (χgeB + χefB )b†b|f〉〈f |
− χgeR r†r|e〉〈e| − (χgeR + χefR )r†r|f〉〈f |
− KA
2
a†a†aa− KB
2
b†b†bb− KR
2
r†r†rr
−KABa†ab†b−KARa†ar†r −KBRb†br†r (S1)
Eq. (S1) is an expanded version of Eq. (3) of the main text,
which now includes the readout resonator (with subscript R
and operators r and r†) as well as Kerr nonlinearities of the
cavities. The first two rows represent the excitation energy
of the all modes, explicitly including the transmon anhar-
monicity of ωge − ωef = 115.17 MHz. The next three rows
are second order terms (∼ 1 MHz) representing the dis-
persive interactions (χ’s) between the transmon and each
of the three resonators. The last two rows are the fourth
order terms (∼ 10 kHz), including the self-Kerr energies
(KA,KB ,KR) of the resonators and the cross-Kerr inter-
actions between any pairs of resonators (KAB ,KAR,KBR).
All Hamiltonian parameters of our device are listed in Table
S1.
The key Hamiltonian terms that enable the cat state
generation and joint parity measurement are the dispersive
shifts, χgeA , χ
ef
A , χ
ge
B , χ
ef
B , highlighted in the main text. Since
the readout resonator is always kept in the vacuum state
until a final measurement is needed, its Hamiltonian terms
do not affect the quantum control and quantum state evo-
lution in this experiment. The fourth-order Hamiltonian
terms of Alice and Bob give a minor contribution to the
infidelity of the experiment. The self-Kerr terms (KA and
KB) induce distortion of the Gaussian probability distribu-
tion of the coherent state components of the cat state, and
will cause state collapse and revival at long time scales5.
The cross-Kerr interaction KAB induces spontaneous ent-
Trueanglement between Alice and Bob over long time scales
in ways not included in our simple analysis.
Frequency Nonlinear interactions versus:
ω/2pi Alice Bob Readout
|e〉 → |g〉 4.87805 GHz 0.71 MHz 1.41 MHz 1.74 MHz
|f〉 → |e〉 4.76288 GHz 1.54 MHz 0.93 MHz 1.63 MHz
Alice 4.2196612 GHz 0.83 kHz -9 kHz 5 kHz
Bob 5.4467677 GHz -9 kHz 5.6 kHz 12 kHz
Readout 7.6970 GHz 5 kHz 12 kHz 7 kHz
TABLE S1. Hamiltonian parameters of all cQED components,
including the transmon ancilla, the two cavity resonators (Alice
and Bob) and the readout resonator. The measured parameters
include all transition frequencies (ω/2pi), dispersive shifts be-
tween each resonator and each transmon transition (χ/2pi), the
self-Kerr of Alice (KA/2pi) and Bob (KB/2pi), and the cross-
Kerr interaction between Alice and Bob (KAB/2pi). The Kerr
parameters and χef associated with the readout resonator are
theoretical estimates based on the other measured parameters.
C. Measurement Setup and Protocol
Fig. S2 shows the diagram of our measurement setup.
The device package is installed inside a Cryoperm mag-
netic shield and thermalized to the mixing chamber of a
dilution refrigerator with a base temperature of 20 mK.
Low-pass filters and infrared (eccosorb) filters are used to
reduce stray radiation and photon shot noise. A Josephson
parametric converter (JPC) is also mounted to the 20 mK
stage, connected to the output port of the device package
via circulators, providing near-quantum-limited amplifica-
tion, with a power gain of 20dB and bandwidth of 5MHz.
We use a field programmable gate array (FPGA) to op-
erate both the quantum-control pulse sequences and the
data acquisition process. Our experiment does not rely
on the real-time feedback capability of the FPGA, but our
in-house programmed FPGA offers an important practi-
cal advantage in its ability to compute rather than store
sideband-modulation waveforms. This leads to minimal
usage of waveform memory for a large number of differ-
ent cavity displacements, allowing us to measure the joint
Wigner function over a large number of points in the phase
space in a single run.
Both cavity drives and transmon drives are generated
by sideband-modulation of continuous-wave (CW) carrier
tones produced by respective microwave generators. The 4
FPGA analogue channels are used as 2 IQ-pairs that control
the cavity drives to implement arbitrary cavity displace-
ments. Rotations of the transmon ancilla are controlled by
another pair of IQ channels provided by an arbitrary wave-
form generator (AWG) synchronized to the FPGA via a
digital marker. This IQ pair controls both |g〉-|e〉 and |e〉-
|f〉 transitions by using different intermediate frequencies
(IF).
Ancilla readout is performed by heterodyne measurement
of the microwave transmission of a readout pulse through
the two ports of the quasi-planar readout resonator near
its resonance frequency. Using the well-established cQED
dispersive readout6, the amplitude and phase of the trans-
mitted signal depends on the quantum state of the ancilla.
This readout pulse is produced by a microwave generator
(RO) gated by a FPGA digital channel. The transmitted
signal, after being amplified by the JPC, is further am-
plified by a high electron mobility transistor (HEMT) at
4K and a regular RF amplifier at room temperature. The
amplified signal is then mixed down to 50 MHz with the
output of a “local oscillator” (LO) microwave generator,
and analyzed by the FPGA. A split copy of the readout
pulse is directly mixed with the LO without entering the
refrigerator to provide a phase reference for the measured
transmission.
The long lifetimes of the cavities allow preparation of
highly coherent cavity quantum states, but severely limits
the rate one can repeat the measurement process. (With
T1 ≈ 3 ms for Alice, it takes 15-20 ms for the cavity photon
number to naturally decay to the order of 0.01.) Since to-
mographic measurement of the two-cavity quantum state
requires large amounts of measurements, we implement
four-wave mixing processes to realize fast reset for both
cavities7. These processes effectively convert photons in
Alice or Bob into photons in the short-lived readout res-
3FIG. S2. Circuit diagram of the measure-
ment setup. We use a field programmable
gate array (FPGA) to control the experiment.
The FPGA has a total of 4 analogue channels,
which are used to provide I-Q control of the
classical cavity drives via sideband modula-
tion of the outputs of microwave generators la-
beled “Alice” and “Bob”. These drives realize
arbitrary cavity displacement operations Dα
on the two high-Q cavities (Alice and Bob).
A digital channel from the FPGA triggers an
arbitrary waveform generator (AWG), whose
two analogue channels provide I-Q control of
the ancilla drives for both |g〉−|e〉 and |e〉−|f〉
rotation, modulating the microwave tone la-
beled “ancilla”. The readout pulse is gener-
ated by a “RO” generator gated by a FPGA
digital pulse, which is transmitted through
the readout resonator for measuring the an-
cilla state. The transmitted signal is amplified
by a Josephson parametric converter (JPC)
at 15 mK, a high electron mobility transis-
tor (HEMT) at 4K, a standard (Mini-circuit)
RF amplifier at room temperature, and then
mixed with a local oscillator (“LO”) to pro-
duce a 50 MHz signal to be digitized and
recorded by the FPGA. Another two analogue
channels of the AWG controls an off-resonant
pump on the readout resonator (“RO pump”).
This drive, together with off-resonant pumps
on Alice and Bob, allows fast reset of the high-
Q cavities through 4-wave mixing processes.
FIG. S3. Data acquisition flow chart with state initialization and reset. Purification of the initial ground state against
equilibrium excitations is implemented by performing two additional readouts of the ancilla state preceding each run of the actual
experiment. The first readout is performed without any ancilla/cavity manipulation, intended to filter out the cases where the
ancilla starts in |e〉. Then two pi-pulses of ancilla |g〉-|e〉 rotations are applied, with the first conditional on |0〉A|0〉B , and the
second unconditional. The second readout of the ancilla state discriminates the presence or absence of photons in the two cavities,
and allows filtering out the cases where either Alice or Bob starts with 1 or more photons. The pulse sequences for the cat state
generation and tomography follow this initialization sequence, and we select data from runs where both readouts return the outcome
of |g〉. We use a four-wave mixing method to reset the cavity state close to vacuum by applying three microwave pump tones at
frequencies detuned from Alice, Bob and ancilla respectively for a duration of 400 µs.
4onator mode using three parametric pumping tones. We
apply this reset operation for 400 µs, and acquire our ex-
perimental data with a repetition cycle of about 900 µs.
Ideally, in thermal equilibrium at our base temperature
(20 mK) all modes (Alice, Bob, or ancilla) of our quantum
system should be in their ground state. However, in our
experiment there is a non-negligible probability that any
of the three modes is found in an excited state possibly
due to insufficient thermalization. These erroneous excited
state populations, about 8% for the ancilla and 2-3% for
Alice and Bob, can reduce the fidelity of the subsequently-
prepared quantum state and the parity measurement. To
eliminate these effects, we perform two measurements as
shown in Fig. S3 to “purify” the initial state of the system
before we start each run of the experiment. This is imple-
mented by post-selecting the cases where our experiment
starts from the ground state, |g〉|0〉A|0〉B , before any non-
trivial quantum operation is performed, which amounts to
about 80% of the all the data acquired. It should be noted
that the use of post-selection here is purely for experimental
convenience and does not compromise the deterministic na-
ture of the generation of cat states. One can in principle use
real-time feedback to prepare the initial state and achieve
a slightly higher data rate. No post-selection beyond the
ground state initialization is applied in our analyses of the
two-mode cat state.
D. Device Characterization
The Hamiltonian parameters and coherence properties
of the device are mostly characterized by adapting estab-
lished techniques, in particular, various forms of Ramsey
interferometry. The measured coherence times of the Al-
ice, Bob and the ancilla are listed in Table I of the main
text, and a more complete list is provided in Table S2. We
briefly comment on a few characterization methods that are
noteworthy.
Measurement of the coherence of higher excited states of
a superconducting transmon is a relatively new topic re-
cently reported in Ref. 8. In addition to using a similar
sequence to determine T ∗2,ef between |f〉 and |e〉, we note
that T ∗2,gf (between |f〉 and |g〉) is more relevant to our ex-
periment. This T ∗2,gf time cannot be simply derived from
T ∗2,ge and T
∗
2,ef , but can be determined by a Ramsey exper-
iment starting from a 1√
2
(|g〉+ |f〉) superposition.
The coherence times of Alice and Bob are measured using
T1 T
∗
2 T2E Pe
Ancilla |e〉 65-75 µs 30-45 µs 55-65 µs 7.5%
Ancilla |f〉 26-32 µs 12-24 µsa 20-30 µsa 0.5%
Alice 2.2-3.3 ms 0.8-1.1 ms N/A 2-3%
Bob 1.2-1.7 ms 0.6-0.8 ms N/A 2-3%
Readout 260-290 ns N/A N/A <0.2%
a T ∗2=11-19 µs for |f〉 vs. |g〉, T2E=18-26 µs for |f〉 vs. |g〉.
TABLE S2. Energy relaxation time (T1), Ramsey coherence
time (T ∗2 ) , coherence time with Hahn echo (T2E), and thermal
population of the excited state (Pe) of all components when
applicable.
Ramsey interference of |0〉 and |1〉 Fock states following a
Selective Number Arbitrary Phase (SNAP) gate9 that pre-
pares the Fock state superposition. This method, which is
described in Ref. 1, extracts the T ∗2 without being affected
by high-order nonlinearities (Fig. S4). Together with the
measurement of the cavity T1, we find the cavity pure de-
phasing time Tφ = 1/(
1
T∗2
− 12T1 ) = 1.1 ± 0.2 ms for Alice
and 0.9 ± 0.2 ms for Bob. Such pure dephasing times can
be fully explained by their dispersive frequency shifts due
to the thermal excitation of the transmon ancilla1. The
rate of the |g〉 → |e〉 transition of the transmon, Γ↑, can be
determined from its T1 and thermal population of the |e〉
state, Pe: Γ↑ = Pe/T1 = 7.5%/(70 µs) = 1/(0.9 ms). In
addition, the cavity Ramsey experiment also allows extrac-
tion of the precise resonance frequency of the cavity. Over
the course of 8 months while the device was continuously
operated at 20 mK, we observed no slow drift of cavity
frequency exceeding its linewidth (≈ 200 Hz).
The dispersive frequency shifts (χ’s) are measured both
in the frequency domain by spectroscopy techniques and
in the time domain by a Ramsey-type qubit state revival
experiment10) (Fig. S5). These techniques established pre-
viously for 2-level qubits, can both be extended for the
3-level artificial atom considered in this study. The latter
measurement is also a valuable procedure for tuning up the
joint parity measurement.
The self-Kerr effect of Alice or Bob (KA or KB terms in
the Hamiltonian) can be characterized by the collapse and
revival of a single-cavity coherent state5. In addition, with
two long-lived cavities, we are able to directly measure the
inter-cavity cross-Kerr effect (KAB) by observing the fre-
quency shift of Bob in response to the presence of photons
in Alice.
E. Cat State Generation
The two-mode cat state is generated deterministically us-
ing conditional operations between the ancilla and the two
cavities. As presented in the main text (Fig. 1C), the gen-
eration sequence is composed of the following steps11: 1)
preparing ancilla superposition (Rgepi/2), 2) displacements of
Alice and Bob conditional on the ancilla state (Dg2α), real-
izing a three-way entangling gate, 3) conditional flip (reset)
of ancilla (R00pi ), disentangling it from the cavity state, 4)
unconditional displacements of Alice and Bob (D−α) to
center the cat state in the phase space (which is a trivial
step purely for convenience of presentation).
The conditional displacement (Dg2α) is the key step in
this state generation process. Although this operation can
be directly implemented using cavity drives with a band-
width smaller than the dispersive interaction strength (χgei ,
i=A or B), such a method requires a rather long pulse du-
ration (and therefore higher infidelity due to decoherence
and Kerr effects). Alternatively, for each cavity we use two
unconditional displacements separated by a wait time ∆t
in between to effectively realize Dg2α.
During the wait time ∆t, due to the dispersive inter-
action, cavity coherent states in both cavities accumulate
5FIG. S4. Measurement of cav-
ity coherence. (A, B) Measure-
ment of the relaxation of a coherent
state in Alice and Bob over time,
which determine cavity relaxation
times (T1). The vertical axes rep-
resent the overlap of the (coherent)
state with the vacuum state. (C,
D) Ramsey interference experiment
of a N (|0〉 + |1〉) Fock state in Al-
ice and Bob, which determine cav-
ity coherence times (T ∗2 ). (E) Cav-
ity resonance frequency of Bob ex-
tracted from Ramsey interference
experiments over the course of eight
months, showing long-term stabil-
ity on the order of 100 Hz.
conditional phases of φi = χ
ge
i ∆t if the ancilla is in |e〉:
U(∆t) = IA ⊗ IB ⊗ |g〉〈g|+ eiφAa†a ⊗ eiφBb†b ⊗ |e〉〈e| (S2)
Using the IQ plane to describe the photon probability dis-
tribution in each cavity in the rotating frame, a coher-
ent state |α′〉i can be represented by a (Gaussian) circle
that stays stationary when the ancilla is in |g〉, and ro-
tates with the angular velocity χgei when the ancilla is in
|e〉: |α′〉i → |α′eiχgei ∆t〉i. Therefore, this conditional phase
gate can split the cavity coherent state in phase space when
the ancilla is prepared in 1√
2
(|g〉+ |e〉), effectively realizing
a conditional displacement. A similar strategy has been
previously implemented for a single cavity10. The actual
pulse sequences for creating the two-mode cat state and
the resultant state evolution for the two cavity system are
illustrated in Fig. S6.
In this work we have focused on studying the two-mode
cat state |ψ±〉. This state is equivalent to a cat state of the
form N (|√2α〉C±|−
√
2α〉C) in a hybridized mode basis of
c† = 1√
2
(a†+ b†). Cat-state control over the c† mode alone
would not be fundamentally more useful than controlling a
single local mode (as in previous works) if we cannot access
modes other than c†. However, it is easy to see that we can
create cat states in Alice (or Bob) alone by omitting all
pulses on Bob (or Alice) in Fig. S6. The resultant conven-
tional single-mode cat state can be characterized by Wigner
tomography of individual cavities (Fig. S7). Furthermore,
we can reverse the cavity displacements in either Alice or
Bob in Fig. S6 to realize a cat state in the 1√
2
(a† − b†) ba-
sis. The important message from the present experiment is
that we can create cat states in an arbitrary basis spanned
by two modes. In fact, it can be shown that the disper-
sive Hamiltonian permits universal quantum control of this
system.1213
F. Joint Parity Measurement
Measurement of the joint photon number parity, PJ , is
critical to our study of two-cavity quantum states. Here
we explain in detail the quantum operations and required
system parameters to realize such measurements.
Photon parity measurement of a single-cavity quantum
state using an ancilla qubit (using only |g〉 and |e〉 lev-
els) has been previous demonstrated in Ref. 14 (see Fig. 1
therein). This single-cavity protocol is applicable to either
one of our cavities when the other cavity is in the vac-
uum state. It uses the dispersive interaction χgei to map
even-photon-number and odd-photon-number states in the
cavity of interest (i=A or B) to different qubit levels. This
is realized by two pi/2 rotations of the qubit, Rgepi/2 (around
the same X-axis), separated by a wait time of pi/χgei . For
example, if Bob is in the vacuum state (b†b = 0), the con-
ditional phase shift described in Eq. (S2) over the time
∆t = pi/χgeA is:
U(pi/χgeA ) = C
A
pi = I⊗ |g〉〈g|+ eipia
†a ⊗ |e〉〈e| (S3)
6FIG. S5. Characterization
of transmon-cavity dispersive
coupling. (A) Photon-number-
splitting of the transmon |g〉-|e〉
transition frequency for a coher-
ent state in Alice (blue) or Bob
(red). The vertical axis represents
the probability of exciting the |g〉-
|e〉 transition with a microwave tone
at a frequency marked by the hor-
izontal axis. (B) Photon-number-
splitting of the transmon |e〉-|f〉
transition frequency for a coherent
state in Alice (blue) or Bob (red).
(C, D) Revival of a transmon state
N (|g〉 + |e〉) in the presence of a
coherent state in (C) Alice or (D)
Bob. (E, F) Revival of a transmon
state N (|e〉+ |f〉) in the presence of
a coherent state in (E) Alice or (F)
Bob.
FIG. S6. Experimental protocol
for deterministic generation of
the two-mode cat state. (A) Mi-
crowave control pulse sequences for
state generation, written in a gen-
eral form that allows different am-
plitude in two cavities. (B) Car-
toon representation of the step-by-
step state evolution of Alice and
Bob in their respective IQ planes.
Blue and red indicate the cavity
photon probability distributions as-
sociated with the ancilla in |g〉 and
in |e〉 respectively. The parameters
used for generating the two-mode
cat state presented in the main text
are α1 = α2 = 2.25, ∆t = 444
ns, α′1 = 2.25 × e−1.03i, α′2 =
2.25 × e1.03i, α′′1 = 1.93 × e−0.48i,
α′′2 = 1.93×e0.65i. After arriving in
the final state |ψ±〉, we rotate the
IQ reference frame so that α ≈ 1.92
is a real number.
This is equivalent to a qubit Z-rotation of pi conditioned on
the photon number in Alice being odd because eipia
†a = PA.
Therefore the whole sequence Rgepi/2C
A
pi R
ge
pi/2 flips the qubit
if and only if the photon number parity in Alice is even, and
subsequent readout of the qubit state measures the parity.
The control and measurement sequence described above
can in principle be directly implemented in our experiment
to measure the joint photon number parity if χgeA is exactly
equal to χgeB . This is because for a wait time of ∆t =
pi/χgeA (= pi/χ
ge
B ), from Eq. (S2) we have:
U(pi/χgei ) = C
A
pi C
B
pi
= I⊗ |g〉〈g|+ PAPB ⊗ |e〉〈e| (S4)
Noting PJ = PAPB , an identical control sequence of
Rgepi/2U(∆t)R
ge
pi/2 followed by a qubit readout would achieve
the joint parity measurement. However, without strictly
identical χgeA and χ
ge
B , the phase accumulation in one cav-
ity is faster than the other, and it is in general not possi-
ble to realize parity operators in both cavities simultane-
ously using this simple protocol. Moreover, for a general
two-cavity quantum state, this sequence can not measure a
single-cavity parity operator (PA or PB) due to inevitable
entanglement between the ancilla and the photons in the
other cavity during the process.
As noted in the main text, we introduce a technique for
measuring PJ with less stringent requirements on Hamilto-
nian parameters by exploiting the |f〉-level of the ancilla.
7FIG. S7. Wigner tomography of single-mode cat states.
(A) Scaled single-cavity Wigner function of Alice, pi
2
WA(βA),
of the state N (|α〉A + | − α〉A)⊗ |0〉B . (B) Scaled single-cavity
Wigner function of Bob of the state |0〉A ⊗N (|α〉B + | − α〉B).
This method is most helpful when the |e〉 → |g〉 tran-
sition of the ancilla shows stronger interaction with Bob
(χgeB > χ
ge
A ), while the |f〉 → |e〉 transition shows stronger
interaction with Alice (χefA > χ
ef
B ). This is physically real-
ized by engineering the ancilla frequency to lie between the
two cavities, i.e.ωA < ωef < ωge < ωB .
Considering the quantum state with two cavities and
three ancilla levels in general, the unitary evolution for any
wait time ∆t is:
U(∆t) =IA ⊗ IB ⊗ |g〉〈g|+ eiφAa†a ⊗ eiφBb†b ⊗ |e〉〈e|
+ eiφ
′
Aa
†a ⊗ eiφ′Bb†b ⊗ |f〉〈f | (S5)
where
φA = χ
ge
A ∆t, φB = χ
ge
B ∆t
φ′A = χ
gf
A ∆t, φ
′
B = χ
gf
B ∆t (S6)
Here we define χgfA ≡ χgeA + χefA and χgfB ≡ χgeB + χefB .
Therefore, the two cavities simultaneously acquire condi-
tional phases in their coherent state components at relative
rates that differ for |e〉 and |f〉.
One possible pulse sequence for such PJ measurement
using three ancilla levels is shown in Fig. 1C of the main
text and reproduced as Fig. S8A. For a given two-cavity
quantum state ΨAB , We first use a R
ge
pi/2 rotation to prepare
the ancilla in 1√
2
(|g〉+ |e〉). Then a wait time ∆t1 imparts
phases φA1 = χ
ge
A ∆t1 and φB1 = χ
ge
B ∆t1 to the two cavities
for the |e〉 component of the state:
ΨAB ⊗ 1√
2
(|g〉+ |e〉)
⇒ 1√
2
[
ΨAB ⊗ |g〉+ eiφA1a†aeiφB1b†bΨAB ⊗ |e〉
]
(S7)
Next, the |e〉 component in this intermediate state is con-
verted to |f〉 by a pi rotation in the |e〉-|f〉 space, Refpi . Sub-
sequently a second wait time ∆t2 leads to a second simul-
taneous conditional phase gate, imparting phases φA2 =
χgfA ∆t2 and φB2 = χ
gf
B ∆t2 to the two cavities for the now
|f〉 component of the state:
1√
2
[
ΨAB ⊗ |g〉+ eiφA1a†aeiφB1b†bΨAB ⊗ |f〉
]⇒
1√
2
[
ΨAB ⊗ |g〉+ ei(φA1+φA2)a†aei(φB1+φB2)b†bΨAB ⊗ |f〉
]
(S8)
The |f〉 component is then converted back to |e〉 by another
Refpi pulse. If we can find ∆t1 and ∆t2 so that:
φA1 + φA2 = χ
ge
A ∆t1 + χ
gf
A ∆t2 = pi
φB1 + φB2 = χ
ge
B ∆t1 + χ
gf
B ∆t2 = pi (S9)
the obtained quantum state is:
1√
2
[
ΨAB ⊗ |g〉+ PJΨAB ⊗ |e〉
]
(S10)
effectively realizing the simultaneous controlled pi-phase
gate (CApi C
B
pi ) in Eq. (S4). Finally a R
ge
pi/2 pulse completes
the projection of joint parity to the ancilla |g〉, |e〉 levels,
ready for readout through the readout resonator.
The condition for finding non-negative solutions for ∆t1
and ∆t2 in Eq. (S9) is that χ
ge
A − χgeB and χgfA − χgfB have
opposite signs. In essence, the cavity that acquires phase
slower than the other at |e〉 due to smaller χgei is allowed
to catch up at |f〉 using its larger χgfi .
It should be noted that such relative relation of the χ’s
is just a practically preferred condition rather than an ab-
solute mathematical requirement. This is because parity
mapping can be achieved whenever both cavities acquire
a conditional phase of pi modulo 2pi. It is always possible
to allow extra multiples of 2pi phases applied to the cavity
with stronger dispersive coupling to the ancilla, although it
increases the total gate time and incurs more decoherence.
The essential ingredient in engineering the PJ operator is
the extra tuning parameter ∆t2 (in addition to ∆t1) that
allows two equations such as Eq. (S9) to be simultaneously
satisfied.
This extra degree of freedom also enables measurement of
the photon number parity of a single cavity, PA or PB , for
an arbitrary two-cavity quantum state. This can be realized
with the same control sequences (Fig. S8A), choosing wait
times such that one cavity acquires a conditional pi phase
(modulo 2pi) while the other acquires 0 phase (modulo 2pi).
For example, to measure PA we use ∆t1 and ∆t2 satisfying:
φA1 + φA2 = χ
ge
A ∆t1 + χ
gf
A ∆t2 = pi (mod 2pi)
φB1 + φB2 = χ
ge
B ∆t1 + χ
gf
B ∆t2 = 0 (mod 2pi) (S11)
Fig. S8B shows an alternative version of joint parity map-
ping protocol, which uses more ancilla operations, but is
better adapted to to a larger parameter space of χ’s. In
this protocol, the ancilla spends time at the |e〉-|f〉 super-
position so that conditional phases proportional to χefi are
applied to the cavities. To achieve joint parity mapping,
the two time intervals ∆t1 and ∆t2 should satisfy:
φA1 + φA2 = χ
ef
A ∆t1 + χ
gf
A ∆t2 = pi (mod 2pi)
φB1 + φB2 = χ
ef
B ∆t1 + χ
gf
B ∆t2 = pi (mod 2pi) (S12)
8FIG. S8. Two experimental protocols
for joint parity measurement. (A)
The same control pulse sequences shown in
Fig. 1(C) of the main text. The conditional
phase gates are realized by the wait time
∆t1 and ∆t2 while the ancilla is in a su-
perposition state. Here φA = χ
ge
A ∆t, φB =
χgeB ∆t, φ
′
A = χ
gf
A ∆t, φ
′
B = χ
gf
B ∆t. We use
∆t1 = 0 ns, and ∆t2 = 184 ns for PJ
measurements presented in the main text,
which involves a small systematic phase er-
ror in the parity mapping operation. One
can choose larger ∆t1 and ∆t2 to avoid
this error but at the cost of more decoher-
ence and Kerr effects. (B) An alternative
parity measurement sequence involving the
|e〉-|f〉 superposition of the ancilla, where
φA = χ
ef
A ∆t, φB = χ
ef
B ∆t instead. We use
∆t1 = 28 ns, and ∆t2 = 168 ns for PJ
measurements presented in Fig. S10. This
method reduces the parity mapping phase
error at the cost of more ancilla pulse er-
rors.
which can avoid the use of extra 2pi phases to χefA − χefB
has opposite sign versus χgfA − χgfB .
Experimentally, choices of the parity mapping sequence
and gate times involve trade-offs in various aspects such as
pulse speed/bandwidth and coherence time. We have mea-
sured joint parity (and subsequently Wigner functions) us-
ing both protocols. For the sequence of Fig. S8A, ∆t1 = 0,
∆t2 = 184 ns was experimentally implemented. For the
sequence of Fig. S8B, ∆t1 = 28 ns, ∆t2 = 168 ns was used.
The actual effective wait time was longer due to the non-
zero duration (16 ns) of each ancilla rotation. The first pro-
tocol, with this choice of wait times, does not yield the exact
pi phases required for exact parity mapping (We estimate
φA1 + φA2 = 0.97pi and φB1 + φB2 = 1.03pi. These phase
errors lead to an estimated infidelity of the joint parity mea-
surement of about 3% for the two-cavity states in this study
(Fig. S9). Exact phases can be achieved with longer wait
times so that φA1 +φA2 = 3pi and φB1 +φB2 = 5pi, but the
infidelity due to decoherence and high-order Hamiltonian
terms outweighs the benefits. In principle, the second pro-
tocol that achieves exact pi phases at relatively short total
gate time should be more advantageous. However, using
the second protocol, we observe visibly identical results of
joint Wigner tomography of the two-mode cat states with
fidelity nearly equal to the first protocol (Fig. S10). This
is attributed to the extra infidelity from the more com-
plicated ancilla rotations involved in the second protocol
(due to pulse bandwidth limitations and unwanted ancilla
population mixing, see Section L of this Supplementary).
All joint Wigner tomography shown in the main text are
measured using the first protocol (matching Fig. 1C).
Single cavity Wigner tomography is also performed using
the protocol of Fig. S8A, with ∆t1 = 688 ns, ∆t2 = 0 for
PA, and ∆t1 = 660 ns, ∆t2 = 204 ns for PB . Moreover,
for PA measurement the R
ef
pi pulses were skipped, taking
advantage of the fact that χgeB ≈ 2χgeA .
SUPPLEMENTARY TEXT
G. Extended Data for Two-mode Cat State
The joint tomography of a two-cavity quantum state
is described by a four dimensional joint Wigner function
WJ(βA, βB). The most informative plane cuts of WJ , along
Re(βA)-Re(βB) and Im(βA)-Im(βB), have been presented
in the main text. This section provides additional data of
our measurement on the joint quantum state of Alice and
Bob.
Fig. S11 shows the joint Wigner function of |ψ+〉 (α =
1.92) measured in the natural single-cavity IQ planes, or
plane cuts of WJ along Re(βA)-Im(βA) and Re(βB)-Im(βB)
respectively (and through the origin). Both plane cuts con-
tain interference fringes along the imaginary axis as ex-
pected. No features of Gaussian coherent states are ob-
served in either figure because the underlying coherent
states |α〉A|α〉B and |−α〉A|−α〉B are located outside these
plane cuts.
To assist visualization of the two-mode cat state, the
joint Wigner function of |ψ−〉 (α = 1.92) is further pre-
sented as a movie, which is a direct extension of Fig. 3 of
the main text. It shows 21 frames of Re(βA)-Re(βB) plane
cuts as a function of the Im(βA),Im(βB) coordinates.
Via measurement of the joint photon number parity, we
have inferred that the state |ψ+〉 (or |ψ−〉) has an even (or
odd) number of photons in the two cavities combined. Tak-
ing advantage of the fact that χgfA ≈ χgfB in our device, this
joint parity property can be directly illustrated by measur-
ing the statistical distribution of the total photon number
in the two-mode cat state. The measurement is realized
by spectroscopic probe of the |g〉 → |f〉 two-photon tran-
sition (which is a second-order process occurring at much
higher driving power than |g〉 → |e〉 or |e〉 → |f〉 transi-
tions). As shown in Fig. S12 for the odd parity state |ψ−〉
(α=1.92), the (|g〉 → |f〉)/2 spectral line of the ancilla is
split into multiple peaks corresponding to different cavity
9FIG. S9. Sensitivity of Wigner tomography to the phase
error of joint parity mapping. By numerical simulation, we
consider non-ideal joint parity mapping where an operator I ⊗
|g〉〈g|+e−ipia†a⊗eipib†bPJ⊗|e〉〈e| is applied. ( = 0 corresponds
to perfect joint parity mapping.) (A) The Re(βA)=Re(βB) and
(B) the Im(βA)=Re(βB) line-cuts of the simulated scaled “joint
Wigner function” 〈eipi(b†b−a†a)PJ〉 are plotted for the two-mode
cat state |ψ−〉 (α = 1.92) for various . No other non-ideality is
included in this simulation. Our measurement condition using
the protocol in Fig. S8A corresponds to  ≈ 0.03.
photon numbers, but only peaks associated with odd total
number of photons are present.
H. Two-mode Cat State of Larger Size
The methods to generate and measure cat states shared
in two cavities can in principle be applicable to arbitrary
photon numbers. We briefly measured the core features in
the joint Wigner functions of 2-mode cat states with larger
and generally different numbers of photons in Alice and
Bob, i. e. N (|α1〉A|α2〉B−|−α1〉A|−α2〉B). Fig. S13 shows
the Im(βA)-Im(βB) plane-cuts of 〈P (βA, βB)〉 for two such
states. The number or the density of interference fringes
increases with the total photon number, proportional to√
α21 + α
2
2. The largest state we have measured has a cat
size of S = (2α1)
2 + (2α2)
2 = 80 photons, limited mostly
by room temperature electronics. The contrast of the mea-
sured Wigner function decreases with increasing cat size,
indicating lower fidelity in the prepared two-mode cat state
and the joint parity measurement. The decreased fidelity
is due to a combination of stronger decoherence and ancilla
rotation infidelity due to bandwidth constraints.
FIG. S10. Joint Wigner function remeasured using an
alternative parity mapping protocol. To perform the same
joint Wigner tomography of the same state (|ψ−〉 with α = 1.92)
as shown in Fig. 3 of the main text, we can also use an alternative
joint parity mapping protocol (shown in Fig. S8B). The resul-
tant 2D plane cuts of the scaled Wigner function, 〈PJ(βA, βB)〉
are almost identical to Fig. 3, where the measured minimum
joint parity is about -0.80.
FIG. S11. Joint Wigner function of the two-mode cat
state along the single-cavity I-Q plane. 2D plane cuts of
the scaled joint Wigner function, 〈PJ(βA, βB)〉, of the state |ψ+〉
(α = 1.92) along (A) the axes Re(βA)-Im(βA) and (B) the axes
Re(βB)-Im(βB).
I. Extended Data for Product Cat State
In an illustrative comparison with the two-mode cat
state, in Fig. 4B of the main text we have shown joint
tomography of an approximate product state of two inde-
pendent cat states, N ′(|α〉A−|−α〉A)⊗(|α〉B−|−α〉B). We
generate this “product cat state” using post-selection after
QND parity measurement: A single-mode cat state in Bob
is first created while Alice is in vacuum state (using the pro-
tocol described near the end of Section refsec:qcmap). Then
a coherent state is prepared in Alice, followed by a single-
cavity parity measurement of Alice, PA. This measurement
projects Alice to even or odd cat state (N (|α〉A±|−α〉A))14
while the cat state in Bob stays intact. We post-select
odd parity from the outcome of PA measurement, obtain-
ing the product cat state for subsequent tomography. One
can confirm the presence of independent single-mode cat
states by performing Wigner tomography of individual cav-
ities, WA(βA) and WB(βB) (Fig. S14). Indeed, the Wigner
function of each cavity is similar to a cat state (i.e. Fig. S7)
containing two coherent state components with interference
fringes in between. This is in striking contrast to WA(βA)
and WB(βB) of a two-mode (entangled) cat state (Fig. 2
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FIG. S12. Spectroscopic measurement of the two-mode
cat state. The data points show the probability of exciting
the |g〉 → |f〉 two-photon transition of the transmon ancilla as
a function of the drive frequency ωd after an odd-parity two-
mode cat state |ψ−〉 (α = 1.92) is prepared in Alice and Bob.
Such two-photon transitions can be excited at ωgf/2 = (ωge +
ωef )/2 = 4.82047 GHz if both cavities are in the vacuum state,
but shifts towards lower frequency by χgfA /2 for each photon in
Alice and or χgfB /2 for each photon in Bob. Because χ
gf
A ≈ χgfB ,
each peak in the spectrum can be identified with a total photon
number in two cavities. This measurement therefore shows the
probability distribution of total photon numbers. Only peaks
associated with odd total number of photons are pronounced in
the measurement, confirming the odd joint parity of the state
|ψ−〉.
FIG. S13. Interference fringes of two-mode cat states
of larger size. 2D plane-cuts of the scaled Wigner function
〈PJ(βA, βB)〉 along Im(βA) − Im(βB) axes for two-mode cat
states |ψ−〉 with (A) α = 2.7 in Alice and 3.1 in Bob, and
(B) α = 3.0 in Alice and 3.3 in Bob.
FIG. S14. Single-cavity Wigner tomography of the prod-
uct cat state. The scaled single-cavity Wigner function,
WA(βA) and WB(βB), of the same quantum state presented
in Fig. 4B of the main text. This state is intended to be a
product state of a cat state in Alice and a cat state in Bob, or
N ′(|α〉A − | − α〉A)⊗ (|α〉B − | − α〉B).
of the main text), where each cavity, when analyzed on
its own, only contains a statistical mixture of two coherent
states.
Fig. S14 also shows that the coherent state components
in the product cat state are significantly distorted. This is
due to the Kerr effects from the higher-order Hamiltonian
terms that accumulates between the measurement-based
state generation and the next measurement for tomography.
Our device parameters are not optimal for such repetitive
measurements due to the relatively slow readout speed (un-
able to repeat faster than ∼ 3 µs, or about 10× the lifetime
of the readout resonator). It should be noted that it is pos-
sible to create product cat state deterministically (without
reliance on readout) while compensating for Kerr effects
using numerically optimized control pulses15. In addition,
future experiments can add separate ancillae coupled to
Alice and Bob to further facilitate independent quantum
operations of individual cavities.
J. State Reconstruction
Although features of the measured joint Wigner function
can be compared intuitively with the ideal two-mode cat
state, a full density matrix reconstruction is required to rig-
orously evaluate the fidelity of the quantum state. We per-
form this state reconstruction using maximum likelihood
estimation for an over-complete data set of WJ(β
(A)
k , β
(B)
k )
(k ∈ {1, . . . , Ndisp}) at Ndisp different sampling points of
the 4D phase space.
For each point of the joint Wigner function, we pre-
pare Nrep copies of our state, perform the displacements
Dk ≡ DA(β(A)k )DB(β(B)k ), and measure the joint parity
PJ = PAPB , so that:
WJ(ρ, β
(A)
k , β
(B)
k ) =
4
pi2
Tr[ρDkPJD
†
k] (S13)
It is convenient to represent the measurement we perform
as a POVM element Π = (PJ + 1)/2 which has eigenvalue
1 when PJ = 1 and eigenvalue 0 when PJ = −1, and conse-
quently whose expectation value can be interpreted as the
probability to observe even joint parity.
Note that these measurement outcomes can be written
in two equivalent ways:
Tr[ρ(DkΠD
†
k)] ≡ Tr[ρΠk], (S14)
and
Tr[(D†kρDk)Π] ≡ Tr[ρkΠ]. (S15)
This is to say that our experiment can be considered as a
set of measurements Πk used to characterize a state ρ, or
as a set of states ρk used to characterize a measurement Π.
Ideally, one would like to characterize both Π and ρ simul-
taneously, since the expected infidelity in these two oper-
ations are comparable. However, doing so would require a
set of trusted operations beyond just displacements, as well
as a squaring in number of measurements required. In light
of this, we have performed state tomography assuming that
our measurement operator is as designed, and acknowledg-
ing that the infidelity reported is a combination of the state
preparation infidelity and measurement operator infidelity.
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Let nk be the number of times we observe PJ = 1 at
the k-th sampling point (out of a total of Nrep repetitions).
Our state reconstruction looks for the density matrix ρˆML
that maximizes the likelihood function:
ρˆML = argmax
ρ
L(ρ) (S16)
Here the likelihood L(ρ) is the probability of seeing the data
nk assuming ρ. For a fixed k, nk should follow a binomial
distribution:
L(ρ) =
∏
k
P (nk|ρ)
=
∏
k
(
Nrep
nk
)
(pk(ρ))
nk(1− pk(ρ))Nrep−nk (S17)
pk is computed from the joint Wigner of ρ:
pk(ρ) = Tr[ρkΠ]
=
1
2
(Tr[ρkPAPB ] + 1)
=
1
2
(
pi2
4
WJ(ρ, βkA , βkB ) + 1
)
(S18)
What remains is to find an efficient method of calculating
WJ(ρ, βA, βB). To do so, write down ρ in the tensor Fock
state basis, truncated to some maximum photon number
Ncutoff:
ρ =
Ncutoff∑
i,j,k,l=1
ρijkl|ij〉〈kl| (S19)
Next use the linearity of WJ in ρ to identify the contri-
bution from each component ρijkl:
WJ(ρ, β
(A)
k , β
(B)
k ) =
4
pi2
Tr[ρDkPAPBD
†
k]
=
4
pi2
∑
ijmn
ρijmn〈mn|DkPAPBD†k|ij〉
=
4
pi2
∑
ijmn
ρijmnKmi(β
(A)
k )Knj(β
(B)
k ), (S20)
We can compute the matrix elements Kmn(β) ≡
〈m|D(β)PD(β)†|n〉 in the same way one would in standard
Wigner state tomography16, i.e.
Kmn(β) ≡ 〈m|D(β)PD(β)†|n〉
= e−|β|
2
(−1)m(2β)(n−m)
√
m!
n!
L(n−m)m (|β|) (S21)
where L
(n−m)
m is a generalized Laguerre polynomial.
In order to be a physical solution, ρ must be positive
semidefinite with Tr[ρ] = 1. To account for this, we adjust
the optimization problem
ρˆML = AˆAˆ
†
Aˆ = argmax
A
f(A)
f(A) = lnL(AA†)− λ(Tr[AA†]− 1)2 (S22)
where now A can be any complex matrix, and λ is a La-
grange multiplier whose value must be greater than some
threshold in order for the trace constraint to be satisfied.
In practice, the value of λ can simply be increased until the
deviation of the trace from unity is sufficiently small.
To solve the optimization problem for the two-mode cat
state, |ψ+〉, we first specify the photon number trunca-
tion Ncutoff. Based on the expected state with α ≈ 1.92,
n¯ = |α|2 ≈ 3.69, according to Poissonian statistics we
must use Ncutoff > 10 to make the probability of hav-
ing more than Ncutoff photons less than 0.1%. In prac-
tice, we take Ncutoff = 12, resulting in a system dimen-
sion d = N2cutoff = 144, and d
2 = 20736 real parame-
ters in the density matrix. (Note we have measured at
Ndisp = 155, 600 different sampling points to form an over-
complete data set for the reconstruction.) Because the
number of parameters is so large, it is necessary to com-
pute the gradient ∂f∂Aij of the cost function with respect to
the parameters, and to use a gradient-aware optimization
routine, such as the BFGS algorithm.
After performing the reconstruction, we can extract sev-
eral metrics about the state. The largest pure state overlap
is given by the largest eigenvalue λmax(ρ) ≈ 0.824. The pu-
rity is Tr[ρ2] ≈ 0.68. The state of form |ψ〉 = |α, α〉 + | −
α,−α〉 with highest fidelity is α = 1.903, with 〈ψ|ρ|ψ〉 ≈
0.803. The state of form |ψ〉 = |αA, αB〉+ eiφ| − αA,−αB〉
with highest fidelity is αA = 1.881, αB = 1.922, φ = −0.1
with 〈ψ|ρ|ψ〉 ≈ 0.805. Given the measured joint parity
of 0.81 for the two-mode cat state, the highest possible fi-
delity one could expect is approximately 0.9, which would
arise from a 90%-10% mixture of the ideal target state and
a state of opposite parity (such as produced by a single-
photon loss). Our reconstruction finds the parity of the
dominant eigenvector to be 0.97, and the parity of the next
few eigenvectors to be small and positive. This indicates
that single-photon loss is not the dominant error mecha-
nism affectubg the state generation, as will be discussed in
Section L.
K. Parity Decay
We have briefly studied the decoherence of the two-mode
cat state by measuring the decay of the joint photon num-
ber parity over time (Fig. S15). This is a convenient
method without performing full tomography to gain in-
sight into the major decoherence mechanism that occurs
after the two-mode cat state has been created: photon loss
in either of the two cavities. The observed decay of the
joint parity is consistent with the combined photon loss in
the two high-Q superconducting cavities:
PJ(t) = PJ(0) exp [−2α2(2− e−t/τA − e−t/τB )] (S23)
The parity decay takes the form of an “exponential with
exponential” because the rate of parity decay is propor-
tional to the photon numbers and therefore decreases over
time. This equation is only applicable when the total pho-
ton number is far from zero. (The parity eventually ap-
proaches +1 as the cavities decay to the vacuum state.)
Since the parity initially decays at twice the total photon
loss rate, it is still informative to consider a characteristic
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FIG. S15. Joint parity decay. (A) Measurement sequence
used to monitor the decay of joint parity. After preparing the
two-mode cat state, a variable delay is implemented before read-
ing out the joint parity at the origin. (B) The measured joint
parity at the origin as a function of the variable delay time.
Green curve is a fit to a simple exponential decay, which gives
a decay constant of 152 µs. Blue dashed line shows the plot
according to the functional form described in Eq. (S23) using
α = 1.92, τA = 2.6 ms, and τB = 1.5 ms.
time of parity decay during a time span much shorter than
the cavity lifetimes so that the cavity photon numbers are
approximately constant. We observe a decay time of about
150 µs for the state |ψ+〉 with α = 1.92 based on a single ex-
ponential fit of the parity decay. This can be well explained
by taking the (average) measured cavity lifetimes τA = 2.6
ms, τB = 1.5 ms and considering the average photon num-
ber over a span of 600 µs after the initial state generation
N¯A ≈ 3.3, N¯B ≈ 3.0, so that 2( N¯AτA + N¯BτB ) ≈ 1/(150 µs).
The parity decay measurement is not sensitive to other
decoherence processes such as cavity frequency shifts due to
transmon thermal jumps (|g〉 → |e〉 and subsequent |e〉 →
|g〉 jumps). However, this effect is expected to induce a
cavity dephasing with a relatively long time constant of
about 900 µs, and should be further improved with better
thermalization of the device.
It is worth noting that the coherence time of this com-
plex two-mode cat state (at α = 1.92 with a cat size of 30
photons) is longer than the most coherent superconducting
qubit reported so far17, owing to the superior coherence
property of the 3D cavities. This illustrates an important
advantage in using the cavity states as quantum memories
in cQED112 or as logical qubits18 in addition to the poten-
tial simplification of error correction operations.
L. Error Sources
The fidelity of the generation and measurement of cat
states is limited by various factors as listed in Table S3.
Because the joint parity of the two-mode cat state is the
simplest figure of merit for evaluating the overall fidelity,
we further focus on analyzing the errors contributing to
the loss of contrast in the measured PJ = ±0.81 for
|ψ±〉 with α = 1.92 (compared with the ideal value of
PJ = ±1). The measuredvalue corresponds to a single
point in the scaled joint Wigner function at the origin,
(pi2/4)WJ(βA = 0, βB = 0), but is the most representative
point. We note again that there are mechanisms affecting
the fidelity of the entire quantum state without directly
contributing to the measured parity of the cat state, most
notably the Kerr effects. However, via density matrix re-
construction we found that the fidelity of the full state is
also close to 81%, indicating that the most significant errors
can be understood by analyzing PJ of the state alone.
Many contributions to the loss of parity contrast can be
estimated from system parameters and tested by controlled
experiments. Contributions from ancilla and cavity deco-
herence are estimated to be about 5% in total from their
respective coherence times and the gate times. Contrast
loss in measured parity due to infidelity of the single-shot
readout is twice the readout error rate and determined to
be about 2.5%. We estimate about 2% loss of parity con-
trast due to state initialization errosr (experiments starting
not from |g〉|0〉A|0〉B), which is primarily due to |g〉 → |e〉
thermal transition of the ancilla during the relatively slow
initial state purification protocol. These estimates are con-
sistent with measurements of ancilla Rabi oscillations be-
tween (|g〉 and |e〉) (96-97% of full contrast) and the parity
of single-cavity cat states in either Alice or Bob (∼90% of
full contrast).
Additional infidelity arises in measurement of the two-
mode cat state in our experiment, which can be primarily
attributed to imperfections associated with mapping the
joint photon number parity to the ancilla state. One source
of error as discussed in Section ?? is the non-ideal waiting
time ∆t1 and ∆t2 used in the controlled-phase gate, where
Alice and Bob acquire phases different from pi by ±3%,
causing a joint parity measurement infidelity of about 3%.
Another major source of error is from the bandwidth con-
straint on the ancilla pulses. Ideally, the ancilla operations
described in our joint parity mapping (Fig. S8) require both
infinite bandwidth (in order to be completely independent
of cavity photon numbers) and no spectral overlap with
unwanted ancilla transitions (in order to minimize state
leakage out of the intended ancilla levels), which are con-
flicting requirements. We have used Gaussian pulses with
σω = 2pi ·40 MHz and duration of 16 ns for ancilla rotations
as a compromise. The influence of multiple levels of a trans-
mon under fast microwave drive has been studied before,
but mostly limited to |g〉-|e〉 operations, where state leakage
to |f〉 is a second-order effect on the computation (propor-
tional to leakage population, or amplitude squared). In our
control pulses, we have implemented derivative removal via
adiabatic gate (DRAG)19 developed for two-level qubits to
correct for the presence of the third level. However, it is
known that the standard DRAG technique does not fully
address state leakage20, which has a first-order effect to our
joint parity mapping utilizing three computational levels.
Furthermore, high-fidelity rotations in the |e〉-|f〉 space re-
quire correction for the presence of both |g〉 and |h〉 (the
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Assessment Estimated infidelity
ancilla initialization ∼ 0.5% probability not in |g〉 ∼ 1%
cavity initialization ∼ 0.5% probability not in |0〉A|0〉B ∼ 1%
readout infidelity 1.0-1.5% error rate 2.5%
ancilla decoherence in state generation |g〉-|e〉 superposition for 0.65 µs 2.2%
pulse error in state generation imperfect spectral selectivity of R00pi ∼ 1%
ancilla decoherence in parity mapping |g〉-|e〉 & |g〉-|f〉 superposition for 0.25 µs 2.2%
timing (phase) error in parity mapping ±3% phase error in CApi and CBpi ∼ 3%
pulse error in parity mapping population mixing in |g〉-|e〉-|f〉 rotations ∼ 5%
photon loss in two cavities 3.7-7.3 photons in each cavity for 0.9 µs 0.9%
Total ∼ 19%
TABLE S3. Estimated contribution to the loss of contrast in the measured joint parity of the two-mode cat state, |ψ±〉 (α = 1.92),
from various error sources.
fourth transmon level) not yet considered in the literature.
Last but not least, optimal ancilla rotations in the presence
of cavity photons also remain to be developed. We attribute
the unaccounted loss of contrast in PJ (about 5%) to such
control pulse errors in parity mapping. This is consistent
with a controlled test that measures Ramsey interference
of the ancilla |g〉-|f〉 superposition in the presence of cavity
coherent states. This experiment uses very similar pulse
sequences to joint parity mapping but does not incur er-
rors associated with cat state generation, parity mapping
phase and cavity initialization errors, and shows a contrast
of 89%.
Based on these semi-quantitative analyses of error con-
tributions listed in Table S3, one can further categorize the
total 19% loss of contrast in the joint parity to be about
6% due to imperfection of the state preparation and 13%
from the infidelity (or loss of visibility) of the joint parity
measurement. Because there is no simple way to indepen-
dently determine the visibility of the parity measurement
(which is photon-number-dependent due to pulse errors),
we do not attempt to draw quantitative conclusions as to
the quantum state fidelity. However, one can find evidence
in spectroscopy of the two-mode cat state (Fig. S12) that
the magnitude of joint parity is indeed higher than 0.9.
M. Bell’s Inequality
The two-mode cat state is a quantum mechanical system
consisting of two continuous-variable subsystems. For two
continuous-variable systems, the correlation between their
individual parities after independent displacements has a
classical upper bound, which can be described by a CHSH-
type Bell’s inequality using the formulation proposed in
Ref. 21 and discussed in Ref. 22. Arbitrarily choosing two
test displacements βA, β
′
A in Alice and two test displace-
ments βB , β
′
B in Bob, the Bell signal B can be constructed
from parity correlations after all four combinations of dis-
placements in the two cavities:
B =∣∣〈PA(βA)PB(βB)〉+ 〈PA(β′A)PB(βB)〉
+ 〈PA(βA)PB(β′B)〉 − 〈PA(β′A)PB(β′B)〉
∣∣ ≤ 2 (S24)
where Pi(β) ≡ DβiPiD†βi (i =A, B) is the displaced parity
operator. Here measuring parity after different displace-
ments is analogous to measuring σz of a spin-
1
2 system after
FIG. S16. Bell signal of an odd two-mode cat state. Red
bars show the amplitude of scaled joint Wigner function at the
selected sampling points in the phase space defined by the imag-
inary amplitudes of βA, βB . Inset shows the location of the cho-
sen sampling points in phase space
different rotations.
Equivalently, this Bell signal is represented by the values
of joint Wigner function (or displaced joint parity) at the
four vertices of a rectangle:
B = pi
2
4
∣∣WJ(βA, βB) +WJ(β′A, βB) +WJ(βA, β′B)
−WJ(β′A, β′B)
∣∣ ≤ 2 (S25)
For a quantum state with entanglement between the two
subsystems, this Bell’s inequality can be violated. For near-
optimal violation, we choose a square in the Im(βA)-Im(βB)
plane with prominent interference fringes. The square is
positioned to have three of the vertices close to the mini-
mum of the central negative fringe and one in the vicin-
ity of the maximum of the adjacent positive fringe, us-
ing βA = βB = −ipi/(16β) = −0.102 and β′A = β′B =
3ipi/(16β) = 0.307 (Fig. S16). Given these sampling points,
the measured amplitude gives a Bell signal B = 2.17±0.01,
surpassing the classical threshold by more than 10 stan-
dard deviations. This indicates the non-classical nature of
the two-mode cat state and the presence of quantum cor-
relations between the two modes. This also demonstrates
the robustness of our experimental technique in both the
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creation of the quantum mechanical two-mode cat state as
well as the joint parity measurement procedure.
N. Encoded Two-qubit Tomography
Complete joint-Wigner tomography of the two-cavity
quantum state requires large numbers of measurements.
However, if we are restricted to a particular coherent state
basis of the two cavities to encode two logical qubits (as
described in the main text), efficient Pauli tomography can
be performed for this logical subspace with a total of only
16 measurements.
Using the encoding scheme |α〉i → |0〉j and |−α〉j → |1〉i
(i, j= A or B), the single-qubit Pauli operators are:
Xj = | − α〉j〈α|j + |α〉j〈−α|j
Yj = i| − α〉j〈α|j − j|α〉j〈−α|j
Zj = |α〉j〈α|j − | − α〉j〈−α|j
Ij = |α〉j〈α|j + | − α〉j〈−α|j (S26)
Following the derivation in Ref. 23, these single-qubit op-
erators can be linked to the displaced parity operators of a
cavity (Pj(β) ≡ DβjPjD†βj ):
Xj ≈ Pj(0)
Yj ≈ Pj
( jpi
8α
)
Zj ≈ Pj(α)− Pj(−α)
Ij ≈ Pj(α) + Pj(−α) (S27)
These relations can be verified by projecting the displaced
parity operators onto the encoded subspace using the pro-
jector Mj = |α〉j〈α|j + | − α〉j〈−α|j (for more details, see
supplementary notes in Ref. 23).
The 16 two-qubit observables are products of single-qubit
Pauli operators, and can all be expressed in the form of
displaced joint parities. Since operators in different cavities
commute,
PA(βA)PB(βB) = DβADβBPJD
†
βA
D†βB ≡ PJ(βA, βB)
(S28)
we have,
IAIB = PJ(α, α) + PJ(α,−α) + PJ(−α, α) + PJ(−α,−α)
IAXB = PJ(α, 0) + PJ(−α, 0)
IAYB = PJ
(
α,
ipi
8α
)
+ PJ
(− α, ipi
8α
)
IAZB = PJ(α, α)− PJ(α,−α) + PJ(−α, α)− PJ(−α,−α)
XAIB = PJ(0, α, ) + PJ(0,−α)
YAIB = PJ
( ipi
8α
, α
)
+ PJ
( ipi
8α
,−α)
ZAIB = PJ(α, α) + PJ(α,−α)− PJ(−α, α)− PJ(−α,−α)
XAXB = PJ(0, 0)
XAYB = PJ
(
0,
ipi
8α
)
XAZB = PJ(0, α)− PJ(0,−α)
YAXB = PJ
( ipi
8α
, 0
)
YAYB = PJ
( ipi
8α
,
ipi
8α
)
YAZB = PJ
( ipi
8α
, α
)− PJ( ipi
8α
,−α)
ZAXB = PJ(α, 0)− PJ(−α, 0)
ZAYB = PJ
(
α,
ipi
8α
)− PJ(− α, ipi
8α
)
ZAZB = PJ(α, α)− PJ(α,−α)− PJ(−α, α) + PJ(−α,−α)
(S29)
To obtain a full set of two-qubit tomography measurements,
we perform joint parity measurements following 16 different
cavity displacement combinations (β = 0, ipi8α , α and −α in
each cavity), and the 16 two-qubit Pauli operators can be
computed from Eq. (S29).
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